Grand canonical Monte Carlo (GCMC) and molecular dynamics (MD) simulations have been used to study the adsorption of phenol onto carbon materials. Activated carbon was modelled in terms of its pore-size distribution based on DFT methods, while carbon black was represented by a single carbon slab with varying percentages of surface atoms removed. GCMC results for adsorption from the corresponding gas phase were in reasonable agreement with experimental adsorption results. MD simulations, that studied the influence of the presence of water and surface roughness on the arrangement of the adsorbed phenol molecules, showed that the interaction between the adsorbed molecules was strongly influenced by the presence of water.
INTRODUCTION
The adsorption of phenol onto activated carbon has attracted much experimental interest due to the importance of removing this pollutant from water and air. However, the adsorption of phenol onto carbon materials is a complex process and the number of studies which have investigated the interaction of phenol with carbon surfaces by simulation is still limited. Bertoncini et al. (2000 Bertoncini et al. ( , 2003 performed grand canonical Monte Carlo (GCMC) simulations of phenol onto porous and non-porous carbons from the gaseous phase. By comparing the simulated results with experimental liquid adsorption data, these authors concluded that the solvent effect was negligible. Efremenko and Sheintuch (2006) used DFT and molecular mechanics simulations of phenol on flat carbon surfaces and in carbon nanopores. Due to the small clusters investigated by DFT, the adsorption of molecules was restricted to a small number (up to five molecules adsorbed directly onto the surface, whereas the sixth molecule was adsorbed in the second layer). The effect of functional groups on the interaction was also included in this study. Molecular mechanics simulations were also employed by Abir and Sheintuch (2010) . The results obtained for single-wall carbon nanotubes were used to predict the adsorption isotherms for carbons with pore-size distributions. Terzyk et al. (2010) examined phenol adsorption from solution onto virtual porous carbons with different pore-size distributions by molecular dynamics (MD) simulations and studied the effect of oxygen modifications. However, no comparison with experimental data was undertaken in this study.
The work presented here describes further investigations of the adsorption of phenol onto carbon materials with a focus on the effect of water. This has been undertaken in two ways: (1) by comparing gas-phase GCMC simulations with experimental liquid-phase adsorption data and (2) by investigating the influence of the presence of the water in the system on the adsorbed phenol via MD simulations.
SIMULATION DETAILS

Models of the materials
Two non-oxidised carbon black samples were used as reference materials, viz. N339 and N375 as investigated by Carrott et al. (2008) . The samples had BET surface areas of 93 and 90 m 2 /g, respectively. Further details of the materials can be found in the above reference. In the simulations, carbon black was represented as a large slit pore with an effective pore size of 75 Å. The pore walls were represented by an atomic representation of six graphite layers (based on the experimental results) with an interlayer spacing of 3.6 Å (Carrott et al. 2008) . Models with increased surface roughness were created by deleting 10%, 20% or 30% of the atoms in the inner carbon layers. The atoms were removed in patches whose radii were twice that of the carbon-carbon bond length (Do et al. 2007 ). The resulting inner layers of the carbons with 10% and 30% of the atoms deleted are shown in Figure 1 . Because of periodic boundary conditions, the carbon surface extended infinitely in the x-and y-directions. The surface area was determined geometrically by "rolling" a nitrogen molecule along the surface (Düren et al. 2007 ). The diameter for this probe molecule was chosen as σ = 3.615 Å (Ravikovitch et al. 2001) . The surface area of the unmodified unit cell was 4217 Å 2 , being increased by 3.2%, 6.6% and 9.96% for the removal of 10%, 20% and 30% atoms, respectively.
The non-oxidised sample C738 from Valente Nabais et al. (2009) was chosen as the experimental activated carbon reference sample. This sample was prepared from rapeseed, the full procedure being detailed in the corresponding reference. The activated carbon models were based on pore-size distributions (PSDs) obtained from the experimental nitrogen data shown in Figure 2 .
Two DFT methods, viz. NLDFT (Ravikovitch et al. 2000) and QSDFT (Neimark 2001), were applied and the resulting PSDs are given in Figure 3 . For each pore size of the PSDs, a slit pore model was created consisting of three layers of carbon atoms on each side of the pore with an interlayer spacing for graphite of 3.35 Å. For the overall phenol adsorption isotherm, N overall , the phenol adsorption data for the single pores, N SP , were combined in the integral adsorption equation:
Simulations of Phenol Adsorption onto Activated Carbon and Carbon Black 799 (1) where x(H) is the PSD (Ravikovitch et al. 2000) . All carbon structures were considered to be rigid throughout the GCMC and MD simulations.
Grand canonical Monte Carlo simulations
For the GCMC simulations, the multi-purpose simulation code (MUSIC) was used (Gupta et al. 2003) with 10-100 million GCMC moves being performed. The first half of the moves was used for equilibration; the second half for sampling. The dispersive interactions were calculated using the Lennard-Jones potential. The nitrogen interaction parameters were taken from Ravikovitch et al. (2001) To compare the nitrogen adsorption isotherms with the experimental isotherms, the excess amount adsorbed, n excess , was calculated as: n excess = n absolute -V free ρ gas (2) where n absolute is the absolute amount adsorbed in the simulation, V free is the free volume of the adsorbent calculated by randomly inserting a He molecule with σ = 2.556 Å and ρ gas is the molar density of the bulk gas phase calculated via the Peng-Robinson equation of state.
For the simulations of phenol adsorption, the carbon parameter of σ CC = 3.4 Å; ε ff /k B = 28 K were used (Steele 1973). The phenol potential was taken from the OPLS force field (Jorgensen et al. 1993) , with the C-H groups in the ring represented by the united atom model (Jorgensen et al. 1984) . The electrostatic interactions were accounted for via the Wolf method (Wolf et al. 1999, Fennell and Gezelter 2006) using the same cut-off of 17 Å as for the dispersive interactions.
In the Monte Carlo simulations performed in this work, the gas/solid equilibrium was sampled and converted to the liquid/solid equilibrium (Bertoncini et al. 2000; Abir and Sheintuch 2010) . The reported Henry's constants differed considerably (between 2 × 10 -6 and 1.8 × 10 -7 atm m 3 /mol) and for this reason the value H = 2.37 × 10 -6 atm m 3 /mol was used here as in a previous study on phenol adsorption (Abir and Sheintuch 2010).
Molecular dynamics simulations
MD simulations were undertaken using the GROMACS simulation program (Hess et al. 2008) with adsorption onto carbon black being investigated in such studies. The number of phenol molecules in the unit cell was set at 55. The OPLS-AA force field was used for phenol (Jorgensen et al. 1996) . For the simulations of the liquid phase, the remaining volume was filled by TIP4P water molecules (Jorgensen et al. 1983) . For the electrostatic interactions, the particle mesh Ewald method was used. The NVT simulations were run at 298.15 K [employing the v-rescale thermostat (Bussi et al. 2007) ] for 30 000 ps if water was present and for 10 000 ps in the absence of water. Before the analysis was started, the interaction energies were checked to ensure that the system was equilibrated. For such analysis, the properties were sampled over the last 5000 ps. 
RESULTS AND DISCUSSION
Adsorption of nitrogen
In order to find the best representation for the experimental carbon black samples N339 and N375, the influence of removing 10%, 20% or 30% of the surface molecules on nitrogen adsorption at 77.4 K was investigated. Figure 4 shows the nitrogen isotherms resulting from the GCMC simulations, together with the experimental isotherm for sample N339. The nitrogen isotherm for sample N375 showed very similar adsorption behaviour and has not been reproduced for reasons of clarity. For relative pressures greater than 0.3, the model with 30% of the molecules removed gave the best fit with the experimental data. At low pressures, this model under-predicted the extent of adsorption with the 10% model giving the best fit under these circumstances. (2008) , together with simulated results for the carbon model with 10% of the molecules removed. Phenol adsorption at this pH was chosen for comparative purposes since the ionisation of phenol under these conditions is negligible. It will be seen from the figure that the simulated adsorption agreed well with the experimental data. In Figure 6 , the experimental data for phenol adsorption onto sample C738 at 298.15 K and a pH value of ca. 7.5 are compared with the simulated data based on PSDs obtained by NLDFT and QSDFT. At the low concentrations investigated, adsorption only occurred in the smallest pores and pore-filling was rapid, leading to a stepped isotherm. The NLDFT methods gave larger pore sizes, leading to a lower amount being adsorbed at these low concentrations. Overall, adsorption commenced at higher concentrations relative to the experimental data. This is not surprising since the PSDs were obtained from nitrogen data where interaction between the adsorbate and the carbon surface differed from that experienced with phenol. All the effects on the isotherm may be considered to arise from pore-size effects. Since heteroatoms were present on the surface, stronger interaction with phenol relative to nitrogen led to increased adsorption compared to the results obtained with the PSDs.
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Grand canonical Monte Carlo simulations of phenol
Molecular dynamics simulations of phenol
Molecular dynamics simulations were used to investigate changes in the orientation of the phenol molecules on a carbon surface due to the presence of water and to modifications of the carbon surface. Two models were chosen: the unmodified surface and the situation where 10% of the surface layer had been removed. The nitrogen adsorption isotherm depicted in Figure 4 shows that at high pressures the model with 30% of the surface atoms removed gave the best results, but the 10% model gave better results at low pressures. Since the phenol concentration employed in the experiments with carbon black was less than that necessary to provide monolayer coverage, further studies were conducted using the 10% model together with the unmodified model. Figure 7 shows the starting configuration with the unmodified carbon and 55 phenol molecules in water.
Simulations of Phenol Adsorption onto Activated Carbon and Carbon Black 803 In the simulations, all the phenol atoms were allowed to adsorb onto the carbon surface. Figure 8 (a) overleaf shows the molecule density distribution for the final 5000 steps prior to the final configuration for simulation with the unmodified carbon and solvent. The density distributions were similar for the three systems investigated (unmodified surface with and without water and 10% surface atoms removed with water). The modified surface allowed single molecules to penetrate the first carbon layer, resulting in a small displacement in the distribution towards the centre of the solid. The system without water showed a slightly broader distribution. An angle analysis was undertaken to investigate the influence of water and the removal of surface carbon atoms on the orientation of the phenol molecules. The angle between the plane of the phenol ring and the carbon surface was calculated. The results for the situation where each unit cell contained 55 molecules are shown in Figure 8(b) . In the presence of water, a single peak at 7º was observed for both carbon models (0º corresponds to a phenol ring parallel to the carbon surface; 90º to a phenol ring perpendicular to the carbon surface). The surface modifications led to a decrease in the peak height and a slight increase in the percentage at higher angles. The absence of water had a stronger influence and a second local maximum was observed, which explains the broader distribution depicted in Figure 8(a) . In the absence of water, the -OH groups of the phenol molecules would be strongly orientated towards each other. In contrast, in the system with water, the phenol molecules would be distributed more evenly over the surface, as can be seen in the snapshots depicted in Figures 9(a) and (b). 
